Through numerical simulation, key issues concerning the plasma jet features as well as the sizes of nozzle for supersonic atmosphere plasma spraying (SAPS) were analyzed in this paper. Numerical results were compared with the experimental measurements and a good agreement has been achieved. Due to the effect of mechanical compression, the increasing sizes of r 1 , r 2 , r 3 and r 4 (r 1 , r 2 , r 3 and r 4 are the sizes of nozzle) lead to a decrease in temperature and velocity of plasma jet. But large size of r 5 can increase the external temperature and velocity of plasma jet, which benefit particles accelerating at the far downstream region. A new nozzle was designed based on the simulation results. Compared to the temperature and velocity of plasma jet in the original nozzle, the maximum temperature and velocity of plasma jet in new structure are increased by about 9.8% and 44.5%, which is a benefit to the particles to reach a higher speed and surface temperature.
Introduction
Thermal spraying is a group of processes in which the metallic or ceramic materials are deposited in a molten or semi-molten state on a prepared substrate. The process involves the formation of combustion or plasma flame, and particle deposition on the prepared substrate. Recently, an advanced high-efficiency supersonic atmosphere plasma spraying system (SAPS) has been successfully developed by national key laboratory for remanufacturing (China) for the deposition of ceramic and metallic coatings with good performance while the energy consumption was greatly reduced (lower than 60 KW) as compared with "PlazJet" [1] [2] [3] [4] [5] . The high-energy plasma jet results from the structural design of SAPS gun with a Laval nozzle. For the specific structure, the plasma shows unusual properties such as high temperature, up to 20,000 K, high velocity, up to 2,400 m/s, steep temperature and velocity radial gradients [6] . The main advantage of SAPS is that there is no limitation to the melting temperature of the sprayed materials and good quality in coating. This significantly extends the technology possibility to any material that could be melted, including refractory ceramics. SAPS is highly efficient, reliable and easy to handle.
During SAPS, working gases are injected into the nozzle via gas vortex ring in order to pinch the arc and increase the life of plasma gun. Owing to the special layout of the inner nozzle contour a long quasi-laminar plasma jet is produced that reduces the reaction between powder and surrounding residual oxygen. Plasmas are quasi-neutral multiparticle systems characterized by gaseous and mixtures of free electrons and ions, as well as neutral particles (atoms, molecules, radicals) with a high mean kinetic energy of electrons or all plasma components, and a considerable interaction of charge carriers with the properties of the system. Reactive plasma-forming gases, including dissociation, ionization and recombination reactions, influence the energy transport, and the presence of multiple species determining the values of the transport coefficients. Specific properties of plasma different from the neutral gases rely on its response to electromagnetic forces [7] . Plasma can be produced by transferring energy into a gas until the energy level is sufficient to ionize the gas, allowing the electrons and ions to act independently of one another. SAPS have very high temperatures and energy densities and are consequently surrounded by very steep gradients of temperatures and densities [8] . Kinetic and composition nonequilibrium are usually the consequence, and description of the energy transport requires consideration of these effects. In particular in the electrode regions, the gradients can be so steep (in the order of 10 8 K/m or several hundred degrees per mean free path) that the continuum concept may break down and discontinuities in properties may be encountered. Heat transfer from arc plasma is characterized by several distinct features such as transport of dissociation and ionization energy and of electrical charges in addition to mass transport [9] . The structure of spraying gun has significant influence on the temperature and velocity of plasma jet so as to effect on the particle flight status. The interaction between the particle and the plasma jet is a critical factor determining the final coating properties, which to a large extent depend on the plasma jet temperature and velocity. To understand the effect of structure of plasma gun on plasma jet behavior so as to improve the coating quality, an accurate description of transport phenomena of plasma jet is essential. With the rapid development of computational fluid dynamic (CFD) methods, some researchers started to study the characteristics of plasma jet by numerical methods [10] [11] [12] [13] . In plasma density computation method, B. Liu et al. [10] use the results of Chen et al. [14] as comparison and conclude that there is no much difference between ideal gas law and Maxwell energy distribution law to determine plasma gas density. Erick Meillot et al. [15] adopted a Joule heating model to simplify the arc heating zone in the plasma gun. Many workers have found that plasma torch inside the gun demonstrates three-dimensional (3-D) properties [11, 16] , to take a better knowledge of the plasma flow three-dimensional modeling must be done. To minimize the boundary conditions effects, both the cathode and the anode solid should be taken into consideration [17] .
In this paper, a 3-D computational model was built to study the effects of structure of SAPS gun on temperature and velocity of plasma jet. In order to verify the validity of the calculation model, the velocity and temperature of the flight zirconia particles were measured by SprayWatch 2i, and the heating and melting processes of zirconia particle in the supersonic plasma spraying were analyzed using previous CFD methods. The numerical results agreed well with the experimental data. The optimal sizes of spraying gun were calculated by the 3-D CFD model.
Numerical model Thermodynamic and transport properties
For supersonic plasma, the numerical simulation needs to take various physical and chemical phenomena into consideration. Chemical reactions such as ionization, dissociation, recombination and so on taking place in the plasma jet can be treated using a general kinetic algorithm. The plasma-forming gas is Ar þ H 2 in this paper. So the following species were considered: e, Ar, Ar þ , ArH þ , H, H þ , H 2 þ and Ar 2 þ , and their related excited atoms [18, 19] . The chemical reaction j can be symbolized by
where X i represents species i, a ij and b ij are stoichiometric coefficients for reaction j. The thermodynamic and transport properties of given plasma mixture are functions of the degree of ionization, which is usually obtained by using the Saha equation:
where n r,i and n r þ 1 , i are the number density of ionization of rth and r þ 1th ionized state for the element i. z r and z r þ 1 are the partition functions for the consecutive state of ionization r and r þ 1, which further depend upon temperature and pressure. m e represents the electron mass. h and k B are Planck constant number and Boltzmann constant number, respectively. E r,i represents the ionization energy of reaction. T reac represents the temperature of ionization reaction. The population of different states of ionization of various elements comprising the plasma mixture is calculated by the above equation.
In thermal plasmas, the number of elastic collisions between electrons and heavy species is sufficient to reach local thermal equilibrium (LTE) when electron number density is high [20] . The LTE conditions only reached in the core of dc plasma jets or arcs at atmospheric pressure. While in the arc or jet fringes, the electron number density overcome the heavy species dramatically, and the electrons kinetic temperature T e is higher than that of heavy species T h . A two-temperature model is applied to take account of this kind of thermal nonequilibrium [21] . In this paper, the kinetic model is applied to obtain plasma compositions. This model, provided all reactions and coefficients are known, gives realistic compositions. The rate of chemical reaction in the forward or reverse direction can be expressed in terms of forward and reverse reaction rate coefficients, R f and R r , respectively. The rate of coefficients can be obtained from an Arrhenius-type relation [22] . If we consider the reaction present as
where a, b and c are constants that are usually obtained from experimental data, g and m are statistical weight and mass of the species, respectively, involved in the reaction evaluated at temperature T, and h is Planck constant. Sometimes the forward rate coefficients can be calculated using the collision cross-sectional data through the following equation:
where f " ð Þ is the electron energy distribution function (Maxwellian distribution), σ " ð Þ is the collision cross section and e, m e , " are the electron charge, electron mass and energy, respectively. In calculation of the particle concentration, several chemical reactions of Ar and H have been considered, and the constants a, b and c for Arrhenius type have been given experimentally [20, 22] , and the reaction energy data for collision cross-sectional data were also given experimentally [22, 23] .
Plasma-governing equations
In numerical model, the equations governing homogenous gas flow express the following several parts: continuity, momentum and thermal energy equations for the multicomponent fluid mixture, species equations for each component of the mixture. In gas heated by arc, a dynamic equilibrium exists between dissociation, ionization energy and recombination, and the thermodynamic properties depend on the plasma composition. All the model of the plasma therefore must contain not only the conservation of mass, momentum and energy but also Maxwell's equation and current conservation. The continuity equation can be represented as @ρ g =@t þ Ñ ρ gṼ g ¼ 0, where ρ g is gas density,Ṽ g is gas velocity vector. Plasma gas is a dense cloud of electrons, ions, atoms and molecules. In numerical model, the species continuity equation can be represented as [24] 
The subscript i represents different species, n i is the ith species particle number per unit volume in m À3 ,Ṽ i is the ith species particles velocity,
dt is the ith species particles net change rate due to chemical reaction.
The momentum conservation equation links the flow velocity of a fluid element with the external forces acting on it. The following equation is a general one, as the gravity force can be ignored, the last term can be omitted:
where the left term ρ dṼ g dt is the inertia force term, the right term Fν c is volume force term which is equal to the total force of mass force, electric field force and Lorentz force.
ÑP g is the gas pressure gradient. 2 3 Ñ Á ðμÑṼ g Þ is viscous stress causing the gas volume expansion, μ is the gas dynamic viscosity. Ñ2μ½ _ " is the viscous stress caused by fluid deformation when fluid moves, ½ _ " is strain rate tensor. Due to charged particles movement in plasma, the energy equation should contain joule heat generation rate term caused by electromagnetic fieldẼ ÁJ:
where " is internal energy,q is the heat through unit area in unit time.
The standard k À " model has been adopted in the numerical simulations of turbulent jet under plasma conditions [25, 26] . Although the results predicted by the k À " model are not satisfactory, it still provided semiquantitative information on the plasma jet.
The current density in the arc column of a typical highintensity arc may reach values in excess of 10 6 -10 10 A/m 2 . Arcs may attach to the electrodes, and in particular to the cathode, the current continuity equation is governed by [24] 
where ρ e is the charge density andJ is the electric current density. The control equation of DC plasma jet in steady condition can be expressed as
whereÃ is the magnetic vector potential, σ e is the electrical conductivity, f is the electric potential andJ s is the other source term. The Lorentz force exists in the plasma jet produced by electromagnetic field. The Lorentz forcẽ J ÂB can add to the magnetohydrodynamic equation as a source term. In the equation current density can be expressed as
TheẼ is the electric field intensity,ũ e is the velocity of charged particles andB is the magnetic induction intensity. So the Lorentz forceF L can be derived by the following formula:F L ¼ σ e ÀÑf þũ ÂB ÂB: ð12Þ
The coupling relationship between electric field and magnetic field can be solved by Maxwell's equations:
In this paper, a 3-D numerical model for plasma jet is developed to investigate the plasma jet temperature and velocity field. The governing equations for plasma jet consist of the continuity, momentum and thermal energy equations for multicomponent fluid mixture, species equations for each component of the mixture gas, state relations for an ideal gas mixture with temperaturedependent specific heat, enthalpy and transport properties and so on.
Computational model and boundary
The structure of SAPS nozzle and several main sizes are shown in Figure 1 . According to the nozzle, the 3-D CFD modeling and mesh generation is shown in Figure 2 . There are 5,77,440 nodes and 4,99,567 elements in the whole computational domain. In the radial direction, the grid is more refined near the central axis and coarser toward the outer environment. In the numerical simulations, the boundary conditions are listed in Table 1 . The calculations are initialized from the cold gas and then mixed with the incoming jet until the steady state is reached. The steady-state solution is expected to be unique and independent of the initial conditions.
Experiment
Plasma temperature can be measured assuming local thermodynamic equilibrium using atomic or molecular spectroscopy or measured by two-color pyrometry at two wavelengths [27] [28] [29] . The plasma velocity can be measured with either a Pilot tube probe technique or with a time-of-flight two-point laser anemometer [30] [31] [32] [33] . But the above methods were difficulty in implementing in SAPS system due to extreme high temperature. So the numerical model provides a useful tool to understanding the plasma jet characteristics in supersonic plasma spraying process. 
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The numerical model is proved accurately and good to estimate the temperature and velocity of plasma jet and in-flight particles through the experiment. A commercially available monitoring system SprayWatch 2i (Osier, Finland) is used to measure the velocity and surface temperature of the in-flight particles, seen in Figure 3 . The fast CCD camera of SprayWatch 2i was triggered by the velocity signal. The CCD focal length is 185 mm and the exposure time is 5 μm. The signal is real time (about few hundreds of nanoseconds) handled thanks to a controller program and this procedure allows both obtaining the particle velocity (with an accuracy of about 10%) and triggering cameras. In addition, the temperature of in-flight particles was measured by an optical sensor head and a fast two-color pyrometer. SprayWatch 2i system adopts two optical with double-color filter which can penetrate different wavelength (700 and 850 nm). Each signal was transmitted through a bandpass filter with wavelength and then detected using an avalanche silicon photodetector. The ratio of the radiation intensity at these wavelength was used to calculate the particle temperature with an accuracy of AE100 C. The in-flight particles surface temperature can expressed as
where " is the radiation coefficient of particle, E is the radiation energy in J, λ is the flame wavelength in nm, λ1 and λ2 are the selected wavelengths in nm, C 1 and C 2 are constants.
Results and discussion

Model validation
When the particles fly through the plasma flame, the mass, momentum and energy transfer from the flame will dramatically change the particle properties. The Lagrangian method is used to trace the in-flight particles individually. Particle acceleration and heating are tracked after injection, by considering the drag force by plasma jet and heat transport on the particle surface.
A one-dimensional model for particle heating and melting is used in which a spherical shape of the particle is assumed and internal convection within the molten part of the particle is neglected. In this section, the main process parameters and the nozzle sizes are listed in Tables 2 and 3 , respectively ( Figure 4 ). In the simulation, the initial particle size is 50 μm. The velocity and temperature distribution of particles at axial direction along the center line of plasma jet versus spraying distance for experiment and simulation are shown in Figure 4 . It is clearly seen that the computational temperature and velocity of particle is slightly higher than the measurement ( Figure 5 ). The maximum error of temperature and velocity between experiment and simulation were 1.7% and 3.3%, respectively (error ¼ (S s -S e )/S s , S s and S e are the result of simulation and experiment, respectively). The neglects of particle breakage and evaporation effect on the particles temperature and velocity bring error into the experimental and numerical results. In general, the experimental and simulation results show that, within the error allowed, the calculation model is considered to estimate the temperature and velocity of in-flight particles and plasma jet accurately. Table 3 : The supersonic plasma spraying gun main dimension.
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igure 4: Velocity and temperature distributions of particles. 
Effect of the throat size
The throat sizes of nozzle include r 1 , r 2 and r 3 as shown in Figure 1 . Based on the sizes listed in Table 3 , selected sizes of r 1 are 3, 4, 5, 5.8 and 6.5 mm in the simulation to research the influence of r 1 on the temperature and velocity of plasma jet, and the numerical results are shown in Figure 6 . In order to observe the variation regularity of temperature and velocity of plasma jet clearly, the temperature and velocity distribution of plasma jet at axial direction along the center line of plasma jet versus spaying distance are shown in Figure 7 . Due to the increasing mechanical compression with the decreased r 1 , the density of plasma becomes larger, which usually cause increasing in maximum temperature and velocity of plasma jet (shown in Figure 8 ). But the temperature and velocity outside the nozzle were nearly identical. The temperature of plasma jet is decreased by 4.82% when the r 1 increase from 3 to 6.5 mm (temperature decreases from 16,400 to 15,610 K), as well as the velocity of plasma jet is decreased by 8.83% (velocity decreases from 1,993 to 1,817 m/s). In order to improve the gun efficiency, the r 1 should be select as small as possible.
The effect of r 2 on the temperature and velocity of plasma jet are shown in Figure 9 (r 2 ¼ 3, 4, 5.4, respectively). Obviously the influence of r 2 on the maximum temperature of plasma jet is slight and only decreased by 3.02% when the r 2 increased from 3 to 5.4 mm (temperature decreases from 16,200 to 15,710 K). But the maximum velocity of plasma jet has significant decrease with the increasing r 2 . The velocity is decreased by about 33.7% when the r 2 increases from 3 to 5.4 mm (velocity decreases from 2,765 to 1,834 m/s). As r 1 the r 2 should be selected as small as possible to improve the gun efficiency.
Finally the effect of r 3 on the temperature and velocity of plasma jet are shown in Figure 10 (r 3 ¼ 3, 4, 4.9, 5.5 mm, respectively). It is clearly shown that r 3 has the same trend of r 1 and r 2 influence on the maximum temperature and velocity of plasma jet. The temperature and velocity are decreased by about 11% and 50.9% when the r 3 increases from 3 to 5.5 mm (maximum temperature decreases from 17,360 to 15,450 K, and maximum velocity decreases from 3,546 to 1,741 m/s). As same as the r 1 and r 2 , the r 3 should be selected as small as possible to improve the gun efficiency. But to ensure particles can eject out of spraying gun fluently, the size of r 1 , r 2 and r 3 should not be less than 3 mm.
Effect of r 4 and r 5
The r 4 is limited by r 1 , r 2 and r 3 and its sizes of 5 and 5.6 mm are selected. The temperature and velocity of plasma jet all decrease with the increasing r 4 , and the decreasing rate of temperature is lower than that of velocity ( Figure 11 ). The maximum temperature and velocity of plasma jet are reduced about 1.94% and 15.7% when the r 4 increases from 5 to 5.6 mm (maximum temperature decreases from 16,020 to 15,710 K, and maximum velocity decreases from 2,175 to 1,834 m/s).
When compared with r 4 , the internal temperature and velocity of plasma jet almost has no change with the increasing size of r 5 (r 5 increases from 5.6 to 6.5 mm), as shown in Figure 12 . But the external temperature and velocity of plasma jet increase with the increasing size of r 5 . It has an obvious change on the velocity of plasma jet with the increasing r 5 . The velocity of plasma jet at the nozzle exit increases to about 49.8% (velocity increases from 875 to 1,311 m/s), which benefits the particles to accelerate in the plasma jet. As shown in Figure 13 , there are little variation of temperature and velocity of the plasma jet on different α. In fact, the effect of d1 and d2 on the temperature and velocity of the plasma jet as well as α were very small and can be neglected in this paper. Particles with zero and small injection angles (0-10°) at certain carrier gas flow rate tend to enter into high temperature zone, where it is easily heated up to the melting temperature due to strong heat transfer between particles and plasma jet. So the α should be selected appropriately.
Optimal design
From the above analysis, the effect of d1, d2 and α on the temperature and velocity of the plasma jet is very small, which can maintain the original size in new structure. But there are obvious influences of r 1 -r 5 on temperature and velocity of the plasma jet and the degree to which size effect on the temperature and velocity of the plasma jet is r 3 > r 2 > r 4 > r 1 > r 5 . When compared with the original sizes of spraying gun (Table 3 ), the r 3 should firstly selected in new structural design of spraying gun, and then the other sizes are selected on the premise that there is no deformation on the Laval tube of spraying gun. The optimal sizes of nozzle are r 1 ¼ 3 mm, r 2 ¼ 4 mm, r 3 ¼ 4 mm, r 4 ¼ 5 mm, r 5 ¼ 5.6 mm, respectively. The temperature and velocity distribution of plasma jet computed using the optimal sizes are shown in Figure 14 . It is clearly shown that the maximum temperature and velocity of plasma jet in new structure increased to about 9.8% and 44.5% (maximum temperature and velocity of plasma jet are 17,250 K and 2,651 m/s, respectively), which is of benefit to the accelerating particle to reach higher surface temperature and flight speed.
Conclusion
The theoretical analyses have been performed to investigate the influence of sizes of nozzle on the temperature and velocity of plasma jet in SAPS. The numerical model was proved good to estimate the temperature and plasma jet by experiment. Simulation shows that the decreasing r 1 , r 2 , r 3 and r 4 lead to increase in mechanical compression, which usually causes increasing in maximum temperature and velocity of plasma jet. But the increasing size of r 5 can improve the external temperature and velocity of plasma jet. In general, the extent of size effect on the temperature and velocity of plasma jet is r 3 > r 2 > r 4 > r 1 > r 5 . So in design of new nozzle, the r3 should be determined firstly, and then the other sizes of nozzle are selected on the premise that there is no anamorphic in the Laval tube of nozzle. Compared to temperature and velocity of plasma jet in original nozzle, the maximum temperature and velocity of plasma jet in new structure increased by about 9.8% and 44.5%, which is favorable for particles to accelerate to higher flying speed and surface temperature.
